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ABSTRACT
Modern extreme adaptive optics (ExAO) systems achieving diffraction-limited performance open up new possi-
bilities for instrumentation. Especially important for the fields of spectroscopy and interferometry is that it opens
the possibility to couple light into single-mode fibers (SMFs). However, due to their small size, efficient coupling
is very sensitive to the quality of the fiber alignment, beam drifts and higher-frequency tip-tilt aberrations caused
by telescope mechanics and vibrations. These residual aberrations are not always sensed and corrected by the
adaptive optics (AO) system, leading to unacceptable losses. This is particularly severe for the Extremely Large
Telescopes, where their huge structure will mean vibrations increase and optimal AO solutions are even more
difficult to implement.
We have created a focal plane sensor to correct for residual aberrations by surrounding the SMF with six
Multi-mode fibers (MMFs). On each of the MMFs sits a printed freeform lens, making up a six-element micro-
lens ring (MLR) to refract the light into these surrounding MMFs and thus minimizing light loss in the gap
between the fiber cores. This means when the beam is near diffraction limited and centered almost all light
couples to the SMF. When the beam is misaligned, it couples to the surrounding cores, which are read out by a
detector and processed by the Durham Adaptive Optics Real-Time Control (DARC) software driving a tip-tilt
mirror. Currently we are aiming to detect and correct only tip-tilt aberrations. However, choosing to surround
the central fiber with six sensing locations potentially allows us to investigate higher order correction modes.
Here we present the design and performance our prototype system. This has been designed for use with the
iLocater fiber injection system at the Large Binocular Telescope and can easily be scaled to larger telescopes. We
present test results from the KOOL laboratory in Heidelberg and initial integration with the iLocater instrument.
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1. INTRODUCTION
In recent years, the development of advanced adaptive optics (AO) systems has opened up new possibilities:
ever-improved image quality, a wider field of view (FoV) and greater sky coverage, leading to new discoveries in
fields of astronomy from direct imaging of exoplanets1 to examining the motions of the stars around Sgr A*2 .
In particular the development of extreme adaptive optics (ExAO) has enabled 8-10m class telescopes to achieve
diffraction-limited optical performance, where they would otherwise be seeing-limited.3–5 Whilst the FoV is
limited, this enhanced capability has allowed objects to be viewed with far more detail than ever before.
This improvement has also opened new doors in the field of spectroscopy. Conventionally, spectrographs
had large entrance apertures, matched to the seeing limit. In the case of fiber fed spectrographs, this meant
using multi-mode fibers (MMFs), with core diameters on the order of 100 microns. Due to their large core
diameter, the light from the telescope could be efficiently coupled from the telescope, though this formed a
large entrance slit to the spectrograph. Due to the instrument scaling laws, the instruments behind had to be
appropriately scaled in size.6 Using an ExAO system reduces the size of the point-spread function (PSF) to the
diffraction limit, which in turn allows the size of the fiber core to be reduced. These fibers are called single-mode
fibers (SMFs) and by coupling into their smaller entrance aperture and usually smaller numerical aperture (NA),
the spectrographs that are fed with SMFs can not only be reduced in size, while maintaining the same spectral
resolution, but are also free of conventional modal noise.7 This leads to increased stability and reduced cost
for the instrument. Whilst in principle this is an ideal solution, it comes at the cost of increased alignment
tolerances. In recent years, there have been several attempts to couple light from large telescope into SMFs, but
the coupling efficiency highly depends on initial fiber alignment, as well as long term movement (beam drifts)
and higher-frequency tip-tilt motions.8 These can originate both from residual atmospheric aberrations or from
telescope and instrument flexure and vibrations.
We have developed a fiber based focal plane tip-tilt sensor to compensate for the movements and tip-tilt
vibrations. The concept was introduced in 20179 and a modified preliminary design was presented in 2018, as
a tip-tilt sensing micro-lens array (MLA).10∗ The tip-tilt sensor is based upon a fiber bundle consisting of the
“science” SMF and six surrounding sensing MMFs. A MLR sits on top of the fiber bundle tip and refracts
increasing amounts of light into the corresponding surrounding sensing fibers as the beam gets misaligned.
Analysis of the amount of light coupled into these fibers then allows reconstruction of the actual beam position,
i.e. the tip-tilt. This device is designed to be retrofitted to any SMF fed spectrograph, but our prototype is
specifically designed for the prototype of the iLocater spectrograph7 at the Large Binocular Telescope (LBT).
In this work we outline the working principles of the fiber-based tip-tilt sensor and the corresponding ap-
plication (Sec. 2), as well as its performance in lab conditions (Sec. 3). In Sec. 4 we disucss advantages of this
sensor before summarizing and highlighting future work in Sec. 5.
2. DESIGN
2.1 Optical principle
At the focal plane of the telescope, the tip-tilt sensor is formed of a fiber bundle, which consists of one central
SMF (Fibercore SM980, 1/e2 mode-field diameter (MFD)=5.8µm) and six surrounding MMFs (Thorlabs, core
size 105µm, NA=0.22). The central science fiber guides the light from the telescope to the spectrograph. This
fiber is taken from the same production batch as the fiber for iLocater, which allows us to match the MFD and
therefore increase throughput. The surrounding MMF are fed to the sensing system. As these fibers do not
feed the spectrograph we can make use of the larger core diameter MMFs, to allow for better coupling through
reduced alignment tolerances. A small fraction of the light is coupled into these fibers even when the PSF is on
∗ Despite the difference in name, the working principles presented in this work are identical to the ones in Ref. 10.
The actual geometry of the lenses has inspired us to rename the 3D printed lens to micro-lens ring (MLR) instead of
micro-lens array (MLA), due to design having a central aperture and the overall shape being point symmetric. The fiber
arrangement has changed slightly as printing restrictions required the use of MMFs with larger core sizes.
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(a) Centered (b) Offset 5µm (c) Offset 10µm
Figure 1. Modeled ray propagation through the micro-lens ring (MLR) for an incoming beam that is (a) aligned and
offset by (b) 5µm and (b) 10µm, respectively. In the platescale of iLocater frontend (at 1 µm), the diffraction limit
1.22λ/D ∼ 60mas corresponds to ∼ 3.9µm offset. Please note that the number of rays propagating to the tip of the
single-mode fiber (SMF) does not correspond to the coupling efficiency.
Figure 2. DSLR photograph of micro-lens ring (MLR). The lens stands around 380 µm tall and around 400 µm in
diameter.
axis to allow for correction feedback. This principle is illustrated in Fig. 1 for an aligned beam (a) that achieves
maximum coupling efficiency into the science fiber while only a low amount of light is evenly distributed into
the surrounding sensing fibers. When the incoming beam is misaligned by 5µm (b) and 10µm (c), the amount
of light that couples to the sensing fibers located in the direction of the displacement increases.
2.2 Manufacturing
As the design for our MLR is unusual, this would be excessively expensive to design and produce using con-
ventional methods. To make our sensor economically viable we use an in-situ printing technique developed
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(a) Modeled (b) Measured
Figure 3. Fiber response in respect to centroid position for both modeled throughput in the ray tracing software Zemax
(a) and for measured throughput at the iLocater fronted prototype in the lab (b). The vertical gray line denotes the
diffraction limit at λ ≈ 1µm. SMF coupling (light blue markers, left y-axis) MMFs coupling (right y-axis) for all six
sensing fibers, from same direction as the misalignment (orange marker, corresponding to very right fiber with green rays
in Fig. 1), the two adjacent fibers (green, pink, corresponding to second fiber from right with red rays on Fig. 1), to the
three fibers on the opposite direction (brown, red, violet, corresponding to two left fibers with pink rays on Fig. 1). All
MMFs have differing throughputs, which are normalized in this graph for illustration.
for the telecommunications industry and recently tested for astronomical applications.9,11 This technique uses
3D-lithography by two-photon polymerization of a commercial IP-resist from nanoscribe and allows us to print
directly on the tip of the fiber. Printing on the tip of the fiber allows very precise alignment of the lenses to the
cores, as the position of the individual cores is measured before printing and the printing position adjusted to
compensate for any differences between design and manufactured bundle.
Fig. 2 shows the completed MLR on top of a FC/PC connector ferrule. The lens stands approximately 380
µm tall and has a diameter of approximately 400 µm. The central aperture has a diameter of approximately 80
µm leaving the light path to the science fiber uneffected. Using an aperture instead of a lens means reflections
and surface quality do not play a role in the SMF coupling and the iLocater system does not have to be modified
to accommodate the new lens. There is a limited effect due to the edges of this hole vignetting the beam, which
results in a slight chromatic coupling efficiency difference.
2.3 Correction
The six surrounding MMFs are separated from the SMF using a 3D printed fiber breakout and rearranged to form
a linear array, which is then re-imaged onto a InGaAs camera (First Light C-Red 2). The fluxes of the individual
fibers are read, and processed by Durham Adaptive Optics Real-Time Controller (DARC),12,13 running on a
computer equipped with a consumer grade CPU (i5-8400). DARC then reconstructs the actual centroid position
from the six fluxes using a sine-fit approach with some calibration correction. The loop is then closed by an
integration correction, feeding a signal to a tip-tilt mirror upstream.
3. RESULTS
Setup and optimization of the fiber-based tip-tilt sensor and the corresponding control system were carried
out at the Koenigstuhl Observatory Opto-Mechatronics Laboratory (KOOL),10 in Heidelberg, Germany. Initial
integration tests were conducted at the iLocater frontend prototype at the University of Notre-Dame in Indiana,
USA.
Fig. 3 shows the response for the seven individual fibers depending on the centroid position for both modeled
throughput in the ray tracing software Zemax (a) and for measured throughput at the iLocater fronted prototype
in the lab (b). As the incoming beam is de-centered, the SMF coupling (light blue markers, left y-axis) decreases
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Figure 4. power spectral density (PSD) of the position in x-direction of introduced vibrations as seen on a separate
detector that images the PSF (blue) and recovered by the fiber based tip-tilt sensor presented in this work (orange).
significantly within a few µm. On the right y-axis, the response on the sensing fibers is plotted. The amount of
coupled light increases for the MMF corresponding to the direction of the offset (orange marker, corresponding
to very right fiber with green rays in Fig. 1) as well as the two adjacent fibers (green, pink, corresponding to
second fiber from right with red rays on Fig. 1). The throughput of the MMFs opposite to the misalignment
decreases (brown, red, violet, corresponding to two left fibers with pink rays on Fig. 1). All MMFs have differing
throughputs which are normalized in this graph for illustration. The actual difference originates in residual
aberrations in the PSF of the optical setup, in the reconstruction algorithm this is accounted for by a calibration
correction.
The overall flux in the six sensing fibers amounts to 2.3% of the overall incoming flux in the lab measurements
compared to 10% expected from modeling, which is still being investigated. The SMF coupling efficiency is
designed to amount to 67% of the overall incoming light which is less than the ∼ 80% that is theoretically possible
when coupling an Airy pattern into a SMF.14 The measured maximum coupling efficiency is 58% somewhat
lower than the expected performance from modeling. This ∼ 10% percentage points difference corresponds to
the 70% coupling efficiency into a regular bare SMF that was achieved on the same setup which is also ∼ 10
percentage points below the achievable maximum coupling efficiency. We therefore account that difference to
residual aberrations in the beam and likely induced in the optics used in generating a simulated telescope beam
in laboratory testing.
While most of the modeled and designed characteristics are achieved, these discrepancies in coupling efficiency
remain and still need to be fully understood. Furthermore, as seen in Fig. 3b, the response is not as linear as
expected. This calls for a more complicated reconstruction algorithm. A simple fitting approach with a sine
function was able to recover the measured power spectral density (PSD) quite accurately. This is shown in Fig. 4
for reconstruction (orange) of an artificially introduced vibration (blue). Further calibration correction is being
developed to increase accuracy.
4. DISCUSSION
The setup of the correction system and laboratory results show that the fiber based tip-tilt sensor is capable of
sensing aberrations. Yet, both coupling efficiency of the SMF at 58% is less than expected (67%) and coupling
into the sensing MMFs yields considerably less light than modeled (2.3% compared to 10%). The response also
shows a deviation from the predicted linear response, requiring higher order reconstruction algorithms.
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When introducing higher order aberrations, the sensor response also shows very characteristic signals. This
can already be used to identify signatures of individual modes and will be further improved to yield non-common
path (NCP) wavefront data.
Compared to conventional beam stabilization strategies the fiber based tip-tilt sensor presented in this work
yields several advantages. While most techniques direct light off to a separate detector such as a quad-cell,15
the fiber based tip-tilt provides an excellent point of measurement shortly before the focal plane feeding the
science fiber. This ensures that there are no NCP aberrations between the science fiber and the sensor, allowing
the observer to optimally couple light from the telescope. Furthermore it is very compact and can easily be
integrated into any (existing) instrument, only requiring the space for the fiber itself while the read out optics
and electronics can be placed in a remote location. This can reduce complexity and cost for different applications.
Further research will therefore go into implementing this sensor in small, compact systems and telescopes. Other
advantages are the very predictable vignetting of the light within the system and a wide dynamical range as light
is coupled into the sensing fibers even for rather large offsets making it also suitable for coarse (initial) alignment
processes.
5. CONCLUSION
In this work we present a fiber based tip-tilt sensor that has been designed to improve single-mode fiber (SMF)
coupling at the iLocater front end and presented initial laboratory results. Our novel sensor shows a very
distinctive response to a misaligned incoming beam. Yet, the coupling efficiencies on both the central science SMF
and the surrounding sensing multi-mode fibers (MMFs) are lower then expected. Furthermore, an unexpected
non-linearity calls for a more complicated reconstruction algorithm.
The sensor is made possible by new exciting technologies such as the two-photon polymerization used for
manufacturing the micro-lens ring (MLR) for this device. Only little light is used for sensing if the beam is aligned
and only when the beam becomes misaligned more light is refracted into the sensing fibers. Its advantages are
its compact design and sensing at the fiber coupling focal plane, which are not possible with traditional systems,
and the potential to sense higher order aberrations. We plan to test it with realistic on-sky conditions at the
iLocater front-end at Large Binocular Telescope in the near future. Coupled to a suitable adaptive optics (AO)
system, this could be an important tool for coupling SMFs to Extremely Large Telescope (ELT) class telescopes.
ACKNOWLEDGMENTS
This work was supported by the Deutsche Forschungsgemeinschaft (DFG) through project 326946494, N´ovel
Astronomical Instrumentation through photonic Reformatting´.
This publication makes use of data generated at the Ko¨nigstuhl Observatory Opto-mechatronics Laboratory
(short: KOOL) which is run at the Max-Planck-Institute for Astronomy (MPIA, PI Jo¨rg-Uwe Pott, jpott@mpia.
de) in Heidelberg, Germany. KOOL is a joint project of the MPIA, the Landessternwarte Ko¨nigstuhl (LSW,
Univ. Heidelberg, Co-I Philipp Hottinger), and the Institute for System Dynamics (ISYS, Univ. Stuttgart, Co-I
Martin Glu¨ck). KOOL is partly supported by the German Federal Ministry of Education and Research (BMBF)
via individual project grants.
REFERENCES
[1] Rodigas, T. J., Follette, K. B., Weinberger, A., Close, L., and Hines, D. C., “Polarized Light Imaging of
the Hd 142527 Transition Disk With the Gemini Planet Imager: Dust Around the Close-in Companion,”
Astrophys. J. 791(2), L37 (2014).
[2] Gillessen, S., Eisenhauer, F., Trippe, S., Alexander, T., Genzel, R., Martins, F., and Ott, T., “Monitoring
stellar orbits around the massive black hole in the galactic center,” The Astrophysical Journal 692(2), 1075
(2009).
[3] Esposito, S., Riccardi, A., Pinna, E., Puglisi, A., Quiro´s-Pacheco, F., Arcidiacono, C., Xompero, M.,
Briguglio, R., Agapito, G., Busoni, L., Fini, L., Argomedo, J., Gherardi, A., Brusa, G., Miller, D., Guerra,
J. C., Stefanini, P., and Salinari, P., “Large Binocular Telescope Adaptive Optics System: new achievements
and perspectives in adaptive optics,” 814902, 814902 (sep 2011).
6
[4] Macintosh, B., Graham, J. R., Ingraham, P., Konopacky, Q., Marois, C., Perrin, M., Poyneer, L., Bauman,
B., Barman, T., Burrows, A. S., Cardwell, A., Chilcote, J., De Rosa, R. J., Dillon, D., Doyon, R., Dunn, J.,
Erikson, D., Fitzgerald, M. P., Gavel, D., Goodsell, S., Hartung, M., Hibon, P., Kalas, P., Larkin, J., Maire,
J., Marchis, F., Marley, M. S., McBride, J., Millar-Blanchaer, M., Morzinski, K., Norton, A., Oppenheimer,
B. R., Palmer, D., Patience, J., Pueyo, L., Rantakyro, F., Sadakuni, N., Saddlemyer, L., Savransky, D.,
Serio, A., Soummer, R., Sivaramakrishnan, A., Song, I., Thomas, S., Wallace, J. K., Wiktorowicz, S., and
Wolff, S., “First light of the Gemini Planet Imager,” Proceedings of the National Academy of Sciences 111,
12661–12666 (sep 2014).
[5] Beuzit, J.-L., Feldt, M., Dohlen, K., Mouillet, D., Puget, P., Wildi, F., Abe, L., Antichi, J., Baruffolo, A.,
Baudoz, P., Boccaletti, A., Carbillet, M., Charton, J., Claudi, R., Downing, M., Fabron, C., Feautrier, P.,
Fedrigo, E., Fusco, T., Gach, J.-L., Gratton, R., Henning, T., Hubin, N., Joos, F., Kasper, M., Langlois,
M., Lenzen, R., Moutou, C., Pavlov, A., Petit, C., Pragt, J., Rabou, P., Rigal, F., Roelfsema, R., Rousset,
G., Saisse, M., Schmid, H.-M., Stadler, E., Thalmann, C., Turatto, M., Udry, S., Vakili, F., and Waters, R.,
“SPHERE: a ’Planet Finder’ instrument for the VLT,” 701418, 701418 (jul 2008).
[6] Lee, D. and Allington-Smith, J., “An experimental investigation of immersed gratings,” Monthly Notices of
the Royal Astronomical Society 312(1), 57–69 (2000).
[7] Crepp, J. R., Crass, J., King, D., Bechter, A., Bechter, E., Ketterer, R., Reynolds, R., Hinz, P., Kopon,
D., Cavalieri, D., Fantano, L., Koca, C., Onuma, E., Stapelfeldt, K., Thomes, J., Wall, S., Macenka, S.,
McGuire, J., Korniski, R., Zugby, L., Eisner, J., Gaudi, B. S., Hearty, F., Kratter, K., Kuchner, M., Micela,
G., Nelson, M., Pagano, I., Quirrenbach, A., Schwab, C., Skrutskie, M., Sozzetti, A., Woodward, C., and
Zhao, B., “iLocater: a diffraction-limited Doppler spectrometer for the Large Binocular Telescope,” 990819
(aug 2016).
[8] Bechter, A., Crass, J., Ketterer, R., Crepp, J. R., Reynolds, R. O., Bechter, E., Hinz, P., Pedichini, F.,
Foley, M., Runburg, E., Onuma, E. E., Gaudi, S., Micela, G., Pagano, I., and Woodward, C. E., “On-sky
single-mode fiber coupling measurements at the Large Binocular Telescope,” 9909, 99092X (jul 2016).
[9] Dietrich, P.-I., Harris, R. J., Blaicher, M., Corrigan, M. K., Morris, T. J., Freude, W., Quirrenbach, A., and
Koos, C., “Printed freeform lens arrays on multi-core fibers for highly efficient coupling in astrophotonic
systems,” Optics Express 25, 18288 (jul 2017).
[10] Hottinger, P., Harris, R. J., Dietrich, P.-I., Blaicher, M., Glu¨ck, M., Bechter, A., Pott, J.-U., Sawodny,
O., Quirrenbach, A., Crass, J., and Koos, C., “Micro-lens arrays as tip-tilt sensor for single mode fiber
coupling,” in [Advances in Optical and Mechanical Technologies for Telescopes and Instrumentation III ],
Geyl, R. and Navarro, R., eds., 77, SPIE (jul 2018).
[11] Dietrich, P.-I., Blaicher, M., Reuter, I., Billah, M., Hoose, T., Hofmann, A., Caer, C., Dangel, R., Offrein,
B., Troppenz, U., Moehrle, M., Freude, W., and Koos, C., “In situ 3D nanoprinting of free-form coupling
elements for hybrid photonic integration,” Nature Photonics 12, 241–247 (apr 2018).
[12] Basden, A., Geng, D., Myers, R., and Younger, E., “Durham adaptive optics real-time controller,” Applied
optics 49(32), 6354–6363 (2010).
[13] Basden, A. and Myers, R., “The durham adaptive optics real-time controller: capability and extremely large
telescope suitability,” Monthly Notices of the Royal Astronomical Society 424(2), 1483–1494 (2012).
[14] Shaklan, S. and Roddier, F., “Coupling starlight into single-mode fiber optics,” Applied Optics 27(11), 2334
(1988).
[15] Esposito, S., Marchetti, E., Ragazzoni, R., Baruffolo, A., Farinato, J., Fini, L., Ghedina, A., Ranfagni, P.,
and Riccardi, A., “Laboratory characterization of an APD-based tip-tilt corrector,” in [Proceedings of SPIE
- The International Society for Optical Engineering ], Tyson, R. K. and Fugate, R. Q., eds., 3126, 378 (oct
1997).
7
